Introduction
Aminoacyl-tRNA synthetases are the enzymes that translate the genetic code in vivo.
Each synthetase specifically links an amino acid to its anticodons through the charging of the cognate tRNAs. The amino acid is first activated with ATP to form an aminoacyl-adenylate and then transferred from this intermediate to the acceptor end of the tRNA [1] . The synthetases are modular proteins. In addition to their catalytic domain, whose fold is conserved and belongs to one of two classes, most synthetases possess one or two idiosyncratic domains [2] . These latter domains specifically recognise the anticodon arm of the cognate tRNA and are of outmost importance for the accuracy of charging.
Tyrosyl-tRNA synthetase (TyrRS) is a homodimeric protein that catalyses the formation of tyrosyl-tRNA Tyr . The crystal structure of TyrRS from B. stearothermophilus has been solved at 2.3 Å resolution [3] . Each monomer comprises three domains: (i) the catalytic α/β domain (residues 1-247), which contains the binding sites for tyrosine, the tyrosyl-adenylate intermediate and the acceptor stem of tRNA Tyr , as well as the dimerisation interface; (ii) the α-helical domain (248-319) with at one end a catalytic loop, and at the other end, residue F 323 , which interacts with tRNA Tyr and may be involved in the specific recognition of the anticodon [4] ; (iii) the C-terminal domain (C-TyrRS, residues 320-419) which shows a very low electron density that hampers the tracing of its polypeptide chain.
Experiments with truncated homo-and heterodimers lacking the C-terminal domain have shown that C-TyrRS is necessary for tRNA Tyr binding and charging, and that one tRNA Tyr molecule binds to the C-terminal domain of one monomer and to the Nterminal α/β domain of the other monomer [5, 6] . Site-directed mutagenesis experiments have identified six basic residues (R 368 , R 371 , R 407 , R 408 , K 410 , K 411 ) that are necessary for tRNA Tyr charging [7] . The recombinant protein TyrRS(∆4) contains residues 320-419, and a Leu-Glu-His 6 C-terminal extension. It therefore corresponds to an isolated C-TyrRS domain. TyrRS(∆4) behaves as a folded globular monomeric protein in solution, and circular dichroism experiments have indicated that its structure is effectively identical to that of C-TyrRS in the context of the full-length synthetase [8] [9] [10] . The secondary structure of TyrRS(∆4) is novel among the anticodon-arm binding domains of synthetases [9] . Here, we report the threedimensional solution structure of TyrRS(∆4) and its backbone dynamics determined by NMR.
Results and Discussion

Structure Description
The structure of TyrRS(∆4) is composed of a 5-stranded β-sheet, flanked on one side by two α-helices that run roughly antiparallel to one another, and on the other side by a third α-helix ( Figure 1 , Table 1 ). 
Correlating the Backbone Dynamics and the Structure
The N and C termini of TyrRS(∆4) show low values of the order parameter S 2 , which indicate high amplitude motions on the ps-ns time scale (Figure 2 
Possible Cause of the Crystallographic Disorder of C-TyrRS
The disorder observed for C-TyrRS in the crystals of the full-length protein [3] could be of either static origin (same structure of C-TyrRS at different positions within the lattice) or dynamic origin (high mobility within the domain).
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N relaxation data show that the N-terminal residues of TyrRS(∆4) are disordered and highly mobile while the rest of the molecule displays typical dynamics of a well-ordered and structured globular protein. These observations suggest that the disorder observed in the crystals is of static origin and that it is due to the flexibility of the peptide linking the α-helical and C-terminal domains. In the context of the full-length protein, interactions of the linker and/or C-TyrRS with the rest of the protein could restrict its mobility.
Available data, however, do not support this latter possibility. Indeed, (i) the N-and C-terminal fragments (residues 1-317 and 320-419, respectively) can fold independently into entities that are stable under conditions similar to those used for crystallisation; (ii) the structures of the α/β and α-helical domains are identical in the crystals of either the full-length protein or the N-terminal fragment [3, 11] ; (iii) the structure of the C-terminal domain is effectively the same whether this domain is isolated in solution (TyrRS(∆4)) or present in the context of the full-lengthTyrRS, as revealed by circular dichroism in the far and near UV regions [10] ; (iv) double hybrid experiments failed to show any interaction between the C-and N-terminal fragments [12] ; (v) several TyrRS insertion mutations, containing up to five residues in the linker region (position 325), had no significant effect on its specific activity [4] . As these insertions were rich in glycines, this result indicates that the linker can be flexible (and of variable length) without compromising the aminoacylation activity of TyrRS.
Taken together, these arguments strongly suggest that the linker region is flexible in TyrRS, and that the C-terminal domain does not interact strongly with the remainder of the protein. TyrRS would thus be the only aminoacyl synthetase that has not evolved strong interactions between its anticodon-arm-binding domain and its catalytic domain.
Structural Similarity between TyrRS( 4) and other RNA Binding Proteins
Sequence alignments have predicted that the C-terminal domains of eubacterial tyrosyl-tRNA synthetases contain the so-called "S4 motif", which is also present in the proteins of several families with diverse functions [13] [14] [15] . The role of this motif would be to display positively charged residues for interaction with the phosphates of an RNA ligand [15] . Accordingly, when the coordinates of the TyrRS(∆4) structure were submitted to the server DALI [16], three structures containing the S4 motif showed significant homologies with TyrRS(∆4) (statistical Z score > 2.0). These were: the Escherichia coli ribosome-binding heat-shock protein Hsp15 (Z = 4.5), the ETS domain of B. stearothermophilus ribosomal protein S4 (Z = 4.7) and, to a lesser extent, the N-terminal domain N1 of the E. coli threonyl-tRNA synthetase (ThrRS, Z = 2.4), whose function is unknown [13, 15, 17] . Despite low sequence identity (≤ 20 % relative to C-TyrRS), the above domains display a common fold, consisting of a three-or four-stranded antiparallel β-sheet packed against two α-helices ( Figure 3 ). A comparison of the structures of Hsp15, S4 and ThrRS has previously revealed a structurally similar region between α 2 and β 4 (TyrRS(∆4) numbering), the αL motif [15] . Most of the residues conserved across the families are in the α 2 -α 3 and β 2 -β 3 regions and some of these are exposed to the solvent. The buried residues involved in packing helices α 2 and α 3 together are particularly similar in the four proteins. The main structural differences between TyrRS(∆4) and the other proteins are located in the long β 3 -β 4 loop. The length of this loop in TyrRS(∆4) and its low sequence similarity may explain these differences.
Comparison with other Eubacterial TyrRS C-terminal Domains
The sequences of 27 C-TyrRS domains from eubacteria were retrieved and aligned as described in Ref. [4] . The main features of this alignment are summarised on the sequence of B. stearothermophilus C-TyrRS in Figure 3e . The conserved residues mainly belong to the region between α 2 and β 3 , which is included in the S4 motif, and to the region between β 4 and β 5 , rich in basic residues. All the hydrophobic residues that contribute to the main core of C-TyrRS (see above) are conserved, except I 392
and A 395 in the long β 3 -β 4 loop. In particular, all the buried residues involved in interactions between helices α 2 and α 3 are conserved (≥ 50% identity), and these are also very similar in the other RNA binding protein families. Therefore, the interactions which contribute to the packing of helices α 2 and α 3 together and against one side of the sheet appear important to preserve the S4 motif, while the β 3 -β 4 loop seems less important. The conservation of hydrophobic residues also suggests that the S4 motif is preserved among the eubacterial TyrRSs. In contrast, several residues involved in packing the protein on the other side of the sheet are not conserved. Finally, only L 322 , L 330 , and I 335 are conserved between residues 321 and 340, together with the functionally essential residue F 323 [4] .
tRNA Binding
In vitro tRNA charging and in vivo complementation experiments have shown that six basic residues of the C-terminal domain are important for the interaction of TyrRS with tRNA Tyr [7] . These residues are highly exposed to the solvent, except for the non-conserved residue R 408 , which is less exposed. The six residues lie on the same face of the molecule and constitute a highly positive surface that can bind the negatively charged tRNA (Figures 4a and 4b (Figure 4c ). These residues form two positive patches in an otherwise rather negative surface. The other residues, K 367 and R 385 , are on two edges of the binding face.
Several residues for which no experimental data is available, are exposed on the face of C-TyrRS that interacts with tRNA Tyr (Figure 4d [19] . Mutagenesis experiments of these residues and/or the structure of the complex of TyrRS with its cognate tRNA should help in establishing the relevance of these residues for the interaction.
Biological Implications
The C-terminal domain of TyrRS, which interacts with the anticodon-arm of tRNA The structure of TyrRS(∆4) completes that of the free enzyme from B.
stearothermophilus for which only the structure of the N-terminal region could be solved by X-ray crystallography [3] . Whenever the structure of a complex between TyrRS and tRNA Tyr is available, it will be possible to compare the structures of the free and bound C-terminal domain and thereby establish whether conformational changes are involved in the interaction.
Experimental Procedures Sample Preparation
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N and 15 N-
13
C labelled recombinant TyrRS(∆4) was expressed in E. coli and purified as described [9] . Samples were prepared in 20 mM potassium phosphate buffer pH 6.8 with a protein concentration ranging from 0.8 to 1.2 mM. Nine relaxation-time data points were used to determine R 1 (60 to 1000 ms) and R 2 (10 to 190 ms). R 1 and R 2 data were fitted to monoexponential decays without offset.
NMR
Error on data points was estimated as 4 (R 1 and R 2 ) or 3 (nOe) noise RMSD's.
Relaxation data were analysed using the extended 
NOe Assignments and Structure Calculations
Starting from 639 manually assigned peaks (mostly intraresidual, sequential and secondary-structure related nOes), a total number of 2017 nOe peaks from the 
Accession Numbers
The atomic coordinates of the structure of TyrRS (∆4) are labelled and coloured: red, negatively charged residues that most probably do not interact with tRNA; cyan, positively charged residues that could in principle interact with tRNA phosphates; purple and violet, polar residues (purple) and glycines (violet) with an exposed amide group that could form hydrogen bonds with tRNA bases or ribose; yellow, exposed aromatic residues that could stack with tRNA bases; magenta, A 378 . b Mean of the pairwise RMSD between residues 330-418, thus excluding the flexible N and C-termini.
